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EFFECTS OF HEAT ON PYRIDINE NUCLEOTIDE DEHYDROGENASES,
ALDOLASE AND FUMARASE OF HUMAN EPIDERMIS*
FALLS B. HERSHEY, M.D., CHARLES LEWIS, JR., B.S., GLORIA JOHNSTON, B.S.,
JOSEPHINE MURPHY, B.S., LORINE MULLINS, B.S. AND THOMAS SCHIFF, B.S.
Around and beneath the coagulated area of a
burn is the zone of injury where growth and
repair occur. Since these functions require en-
ergy from the oxidation of carbohydrates, the
effects of non-coagulative heat injuries on carbo-
hydrate metabolism were studied.
Skin injured by non-coagulative heat has di-
minished oxygen uptake, glucose utilization and
lactic acid formation. Quantitative measure-
ments of the decrease of these functions cor-
relate with survival or subsequent death of the
injured skin in tissue culture (1).
The present report indicates that the dis-
turbances of carbohydrate metabolism by heat
may result from inactivation of some of the
enzymes concerned, and that some enzymes are
particularly sensitive to heat. Knowledge of the
effects of sublethal thermal injury on the en-
zymes and metabolism of skin may aid in the
correction of the biochemical disturbances and
help healing and repair of the injured zone.
MATERIALS AND METHODS
Abdominal skin was obtained from human surgi-
cal patients, and the epidermis was separated by
previously reported methods (2, 3). Homogenates
containing 10 mg of epidermis per ml of water were
prepared using small ground glass homogenizers for
2 to 3 minutes.
Two hundred and fifty microliter aliquots of
the fresh homogenate, in 10 )< 75 mm test tubes,
were pre-fornied in a 38° C. bath for 5 minutes.
One tube returned to the ice bath and served
as a control. Five tubes were transferred to water
baths at 45°, 50°, 55°, and 60° and heated for 1,
2, 5, 10 and 15 minute periods.
Activities of 6 enzymes were measured on con-
trol and heated homogenates. One or more en-
zymes were analyzed from the glycolytic cycle,
the Kreb's cycle and the aerobic glucose shunt.
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The methods used are essentially those of Lowry
(4, 5) with the modifications for skin as described
in detail in our previous publications (2, 6). Con-
ditions of the assays are summarized in Table 1.1
These fluorometric methods are sensitive, re-
producible and specific. Under the conditions em-
ployed the fluoroscence or optical density observed
is proportional to the amount of homogenate and
to the time of incubation.
RESULTS
The activities of the 6 enzymes in the control
homogenates were similar to those observed in
a larger series of homogenates previously re-
ported (6).
The effects of heat on MDII activity in
homogenate from 4 individuals are shown in
Figure 1. The slopes of the curves are similar
for all homogenates even though the MDII
activity of the unheated homogenates was vari-
able.
The rate of MDII inactivation and the energy
required for this denaturation at various tem-
peratures may be derived from these data. For
these calculations it is assumed that the con-
centration of active enzyme is proportional to
the activity. This has been verified since ac-
tivity, i.e. the product formed per unit time, is
proportional to the amount of homogenate
added. Furthermore, no inhibition or activation
occurs when heated homogenates are added to
unheated control homogenates. When the log-
arithm of the activity (log c) is plotted against
time of heating, straight lines are obtained
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'Abbreviations used in this paper are:
MDH—malic dehydrogenase
LDH—lactic dehydrogenase
ICDH—isocitric dehydrogenase
G6PDH—glucose-6-phosphate dehydrogenaseTPN and TPNH—oxidized and reduced tn-
phosphopyridine nucleo-
tide
DPN and DPNH—oxidized and reduced di-
phosphopyridine
HDP—hexosediphosphate
Tris—tris (hydroxymethyl) aminomethane
AMP2—2-aniino-2-methyl-1 , 3-propanediolSD—standard deviation
SE—standard error
MTI6o—mean temperature at which inactiva-
tion of the 50 per cent enzyme occurs
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TABLE I
Reaction Mixtures for Measurement of Six Enzymes
MDII LDII GoPDII ICDII Aldolase Fumarase
Buffer, M/L 0.09 Tris 0.09 Tris 0.1 AMP2 0.07 Tris 0.03 Hydrazine 0.04 P04
pH 8.8 7.4 8.9 8.1 8.5 7.1
Substrate, mM/L
Oxaloacetic acid 2
Sodium pyru- 1
vate
Sodium glucose- 11
6-phosphate
Sodium isoci- 30
trate
HDP 8
Fumaric acid 20
Pyridine nucleo-
tide, mM/L
DPNH 2.2 1
TPN 2.5 1
Others
Bovine serum 0.1 percent 0.O2percent 0.1 percent
albumin
Nicotinamide, 30 20 18
mM/L
Mg Cl2 , mM/L 12
Mn Cl , mM/L 0.25
Na Versene, 1
mM/L
Homogenate, zg 10—iS 30—40 100—120 230—260 33—37 120—147
wet weight
Total volume, M1 100 100 22 125 12 80
Concentrations are those in final reaction mixture.
(Figure 2). This indicates that the inactivation
process is a monomolecular reaction. The rate
of inactivation, derived from Figure 2, is plotted
in Figure 3 against the reciprocal of the absolute
temperature. Again a straight line results. From
the slope of this line the energy of activation for
the denaturation process may be calculated,
using the Arrhenius equation. The data for all
4 experiments with MDII were plotted and
analyzed in this way, and the results are given
in Table II. The 4 experiments are in good
agreement, and give a mean value of 75,445
calories per mole per degree. The energies of
inactivation are similar to those reported for
denaturation of certain other proteins and en-
zymes.
Tolerance of MDII for heat may also be ex-
pressed by probit analysis of the curve obtained
when the per cent loss of MDII activity is
plotted against the temperature heated for a
constant time interval. A sigmoid shaped curve
results (Figure 6). Probit transformation (7)
of this curve permits a simple description of the
tolerance of MDII to heat (Figure 7). For the
4 MDII experiments, heated 5 minutes, the
equation for the probit regression line is y =
—8.56 + 0.257 x, where y x 10 is the per cent
loss of activity at x degrees centigrade. The
mean temperature at which 50 per cent inactiva-
tion of MDII occurs (MTL) is 52.75° C., and
its standard error is 0.24. Probit analysis of data
for other enzymes is summarized in Table III.
The effects of heat on the LDII activity of
homogenates of 4 samples of skin are shown in
Figure 4. There is more variation in the LDII
activity of the unheated controls than MDII
controls, but again the effects of heat are re-
markably similar on all 4 homogenates. Rates of
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FIG. 1. Effect of heat on the MDII activity of 4 epidermal homogenates. The ordinates are milli-
micromoles of product formed per microliter of homogenate per 30 minutes incubation. The homogenates
were preheated at the temperatures of 45° to 60° C. for the times shown on the abscissa.
Fic. 2. Rate of inactivation of MDII by heat.
The ordinate is the logarithm of enzyme activity
which is assumed to be proportional to the con-
centration of the enzyme. The abscissa is the
minutes the homogenate was pre-heated. K (re-
action rate) = slope x — 2.303.
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Fic. 3. Energy of activation for MDII denatura-
tion. The ordinate is log K >< 10g. The abscissa
is the reciprocal of the absolute temperature ><
10g.
inactivation of LDH and the other enzymes in-
vestigated showed mixed patterns that indicate
the process of inactivation of other enzymes is
more complex than MDH.
The various enzymes differ in their stability
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TABLE II
Rates and Energies of Inactivation of MDH
K X 1O at temperature shown
Experimenf Energy ofinactivation
45CC 5OC 55CC 6OC
1 11.5 27.6 167.9 706.1 61,870
2 0 9.2 156.4 823.4 93,950
3 9.2 64.4 432.4 2021.7 71,720
4 6.9 36.8 289.8 1681.3 74,240
Mean 75,445
S.I). 13,448
K, the reaction rate, is equal to 2.303 X bç
the slope of the line obtained when the logarithm
of MDII activity is plotted against minutes heated
(Figure 2). The energy of inactivation is obtained
from the Arrhenius equation E = 2.303 X 1.98 X
bE , the slope of the line obtained when K is
plotted as the reciprocal of the absolute tem-
perature (Figure 3).
or resistance to heat. The data for the 6 enzymes
are summarized for comparison in Figure 5.
Each point is the mean of 4 experiments. Tinder
the conditions of these experiments, fumarase
is the most readily inactivated. ICDII and
G6PDII are the most unstable of the various
dehydrogenases measured. Aldolase is remark-
ably stable and MDII and LDII are moderately
stable to heat under these conditions.
The per cent loss of enzyme activity after
heating homogenates for 5 minutes at various
temperatures is plotted in Figure 6. Fumarase
has lost 70 per cent of its activity after S
minutes at 450 C. More data is needed about the
effects of milder heat on fumarase. The loss of
ICDII activity appears proportional to the
temperature heated, but the curve could be the
sum of 2 separate curves for the 2 different
enzymatic steps in this reaction. Aldolase, as
noted before, is remarkably stable at all tem-
peratures tested. The inactivation curves for
MDII, LDII and G6PDII are sigmoid-shaped
and it is noteworthy that 15 to 18 per cent of
LDII activity remains after heating 5 minutes
at 60° C. These sigmoid shaped curves for in-
activation of LDII, MDII and G6PDII are
subjected to probit analysis which converts these
curves to a straight line. The tolerance to heat
is most fully described by the equation for the
probit regression line. MTLO may be used for
ease in comparing heat effects on various en-
zymes. Mild heating is more variable in its
effects than the long exposures or higher tem-
peratures. These probit calculations are sum-
marized for comparison in Table III.
The effects noted are not due to release of
inhibitors of these enzymes. IIomogenate heated
for 5 minutes at 55° C. was added in equal vol-
ume to an unheated aliquot of the same homog-
enate, and enzyme activity measured in the
unheated, heated, and combined samples. The
experiment was repeated for each of the 6 en-
zymes with epidermis from 4 individuals. The
activity of the 6 enzymes in the combined homog-
enate was the same as calculated from the
activities of heated and unheated samples. The
mean recovery was greater than 97 per cent for
each of the 6 enzymes.
DISCUSSION
The mechanisms of heat inactivation of en-
zymes are complex and may differ for each en-
zyme or isozyme, and may differ for the same
enzyme from different species. Heat is known to
affect the activity of certan enzymes by re-
leasing or inactivating inhibitors or activators
of the enzyme. The loss of activity of MDII,
LDII, G6PDII, etc., resulting from heat is most
likely a direct effect on the enzyme because these
data showed that heated homogenates did not
affect the activity of unheated homogenates.
Thermal energy doubtless disrupts one or
more points of the enzyme-substrate attach-
TABLE III
Probit Analysis of Enzyme Activity of Epidernial Homogenates Heated for Five Minutes
MPH LDH GoPDH
MIT5 SE.b SE.
Probit regression line
52.75 0.24
0.257 0.030
y = —8.56 + 0.2S7x
55.05 0.63
0.196 0.023
y = —5.8 + 0.196x
48.9 0.34
0.254 0.018
y = —7.62 + 0.254x
MIT50 is the mean inactivating temperature in degrees centigrade which when applied for five min-
utes results in 50 per cent loss of enzyme activity. b is the slope of the probit regression line.
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FIG. 4. Effect of heat on the LDH activity of 4 epidermal homogenates. The ordinates are milli-
micromoles of product formed per microliter of homogenate per thirty minutes incubation. The homoge-
nates were pre-heated at the temperatures shown and for the times shown on the abscissa.
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FIG. 5. Effect of heat on the activity of the 6 enzymes. The ordinate is the per cent of the activity of
the unheated control. The epidermal homogenates were pre-heated at the temperatures of 45°. 50°,
55° and 600 for the times shown on the abscissa. Each point on the graph is the mean from 4 different
experiments with different homogenates.
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type of reaction at all the temperatures studied
and that the stability or the bond energies of the
various sites of enzyme-substrate attachment
are similar. The energy of activation of this
reaction is the same order of magnitude as re-
quired for the heat denaturation of many
proteins. The thermal inactivation of pure epi-
dermal enzymes or isozymes will be of interest
when sufficient material is available.
If one assumes the heat inactivation of en-
zymes is an all or none effect, the sigmoid
shape of the inactivation curves of MDH and
LDH and G6PDH suggests some of the enzyme
molecules or isozymes are very susceptible and
some are resistant to heat. Different MDH and
LDH isozymes occur in epidermis (10). ICDH
is a two step reaction; first, the dehydrogena-
tion to oxalosuccinate and next, the decarbox-
ylation to alpha ketoglutaric acid. Frequency
plot of the inactivation illustrated in Figure 5
suggest that one of these steps is more stable
to heat than the other.
The sigmoid-shaped curve would also result
if the enzyme-substrate affinity is diminished
by heat. The Michaelis constants of heated en-
zymes and more data are needed to analyze
and compare the effects of heat on the various
bonds forming the enzyme-substrate complex.
The denaturation of proteins by heat is in-
fluenced by many factors which change the
geometry of the molecule such as the pH, ionic
strength and ionic composition of the solution.
In addition to these factors, the denaturation
of enzyme proteins is influenced by substrate
--
and coenzyrne concentration (8). Therefore, de-
tails of intracellular mechanisms of thermal ef-
fects cannot be inferred from these data from
homogenates. However, some of the enzymes
in these homogenates are inactivated under the
same conditions of heating which injure skin.
3 450 50° 55° BOo There is good agreement among various in-
vestigators concerning the doses of heat which
impair viability of human, porcine and rodent's
skin. Some of these data are summarized in
Table IV. Heating skin for 5 minutes at 500
or 1 minute at 550 C. by various methods causes
progressive and irreversible injury and separates
epidermis from dermis (13). When subsequently
incubated 24 hours at 370 C. histological changes
develop which suggest disruption of disulfide
bonds (14).
We first measured the activity of four enzymes
in the skin of experimental scalds on three
>'
>
C,
0
In
In0
-J
$
45 50 55
Degrees Centrigrade
F'o. 6. Effect of 5 minute pre-heating on the
activity of 6 enzymes. Abscissa is the temperature
at which the homogenates were pre-heated. The
ordinate is the per cent loss of enzyme activity.
Each point of the mean of 4 different experiments
with different homogenates.
8
6
H
a-
2
MDH
LDH
cc
Fia. 7. Probit transformation of curves plotted
in figure 6. The ordinate is the probit of the per
cent loss of activity. The abscissa is temperature in
degrees centigrade. Probit of 5 corresponds to
50 per cent loss of activity of the enzyme, MTI.
ment. The effects of heat on each enzyme shows
good agreement and the same pattern in all
four experiments. The rates of inactivation of
MDH follow classical first order kinetics. In-
activation of MDH fits the Arrhenius equation.
This suggests that the inactivation is the same
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TABLE IV
Summary of Reports on Thermal Thresholds of Skin
Species Heat trauma Effect Investigators
Guinea Pig 1 mm. at 55° C in vitro I)ied in tissue culture Cruickshank and Her-
shey (1) 1960
1 mm. at 55° C in vivo
Lost 81% glucose uti-
lization
Lost 76% oxygen upake
Lost 96% lactic acid
formation
Lost 50% SDA
Lost 83% oxygen up-
take
Guinea Pig 5 mm. at 50° C in vivo Irreversible eschar Leach, Peters and
Rat Rossiter (9) 1943
Human 5 mm. at 50° C in vivo Transepidermal ne- Moritz and Henriques
Pig crosis in - of the
inj uries
(10) 1947
Human 5 mm. at 50° C in vivo Transepidermal ne-
crosis
Hershey and Mendle
(11) 1954
human volunteers (12). The method of heating
and the chemical analyses were not as repro-
ducible or precise as the present experiments.
It appeared advisable, therefore, to examine the
effect of heat on various metabolic functions
before looking for lesions of individual enzymes.
To do this and simultaneously to establish the
threshold dose of heat under our conditions we
heated guinea pig ear skin at various times from
1 to 20 mirnites and various temperatures from
37° to 60° C.
Profound disturbances of carbohydrate me-
tabolism were observed in skin with sublethal
injuries. Heating in vitro for 1 minute at 55° C.
caused oxygei uptake to decrease 76%, and the
glucose utilization and lactic acid formation was
also markedly impaired (1). These data are
summarized in the metabolic map (fig. 8). A pos-
sible mechanism of these changes might be loss
of enzyme activity and when succinic dehydro-
genase activity was measured it had decreased
52/c (1). C402 is produced from Cl labeled
glucose by G6PDH and the other enzymes in
the aerobic glucose shunt. Our published data
shows that this proceeds at a rapid rate in
vitro, but after heating the skin 5 minutes at
50° C. the C1402 production by the shunt is
only 20% normal. This loss of enzyme activity
might result from leakage of enzyme through
injured and permeable cell walls, or might re-
sult from inactivation by heat or from release
or activation of proteolytic enzymes or release
of inhibitory substances by heat or by combina-
tions of these and other factors. The experi-
ments in the present paper test some of these
latter factors.
Heating of homogenates offers many advan-
tages for exploratory experiments such as these.
The concentrations, PH, etc. can be more readily
controlled than during heating skin.
Many variables can be tested in the same
homogenate; the precision of analysis and rep-
lication of triplicate analyses of homogenates
is highly satisfactory. The data in this paper
show considerable inactivation of G6PDH and
MDH in homogenates heated under the same
conditions as the intact skin heated in vitro.
The effects of heat on enzymes in homogenates
are striking and suggestive. Heated homogenates
supply clues regarding the mechanisms of ther-
mal effects on the enzymes and further knowl-
edge will require study of pure epidermal en-
zymes. Enzyme analysis of heated skin will be
helpful in determining which enzymes may be
involved in thermal damage to skin under clin-
ical conditions.
Doubtless, there are other effects of thermal
injury, but these disturbances of oxidative me-
tabolism would decrease the energy available
for survival or repair and might explain the
delayed death of injured cells. They would also
decrease the energy available for growth and
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FIG. 8. Metabolic map showing effect of heating 1 minute at 55° C. on the enzyme activity of human
epidermal homogenates, and the xoygen uptake, glucose utilization and lactic acid formation of skin.
Figures given are the activity remaining after heating.
repair. Possibly higher ambient oxygen concen-
trations would be helpful in healing and repair
of burned skin.
SUMMARY
1. Activity of 6 enzymes were measured in
human epidermal homogenates heated 45°
to 60° C. for 1 to 15 minutes.
2. Aldolase activity is little affected by heat
under these conditions. LDII and MDII
activity are moderately diminished. G6PDII
and ICDII activity are greatly diminished
and fumarase activity is completely abol-
ished by heating at times and temperatures
which cause marked disturbances of carbo-
hydrate metabolism of intact skin.
3. The denaturation of MDII by heat follows
first order kinetics. The energy of activa-
tion of this process derived from the
Arrhenius equation is 75,445 calories per
mole per degree.
4. Probit analysis furnished a convenient de-
scription and comparison of the heat tol-
erance of MDII, LDII, and G6PDII. The
mean temperatures at which 50 per cent
inactivation of these enzymes occurs under
these conditions are 52.75° C, 55.05° C and
48.9° C. respectively.
5. More knowledge of the effects of partial
thermal injury on cells and their enzymes
may aid correction of the biochemical dis-
turbances.
REFERENCES
1. CRUICKSHANK, C. N. D. AND HERSHEY, F. B.:
The effect of heat on the metabolism of
guinea pig ear skin. Ann. Surg., 151: 419,
1960.
2. CRUICKSHANK, C. N. I)., HERSHEY, F. B. AND
LEWIS, C.: Isocitric dehydrogenase activity
of human epidermis. J. Invest. Derm., 30:
38, 1958.
3. VAN SCOTT, E. J.: Mechanical separation of
the epidermis from corium. J. Invest.
1)erm., 18: 377, 1952.
4. LOWRY, 0. H., ROBERTS, N. R., Wu, M.,
HIX0N, W. S. AND CRAWFORD, E. J.: The
quantitative histochemistry of brain. II.
Enzyme measurements. J. Biol. Chem.,
207: 19, 1954.
5. LOWRY, 0. H., ROBERTS, N. R. AND KAPPHAN,
LACTIC ACID
4$ Formoha,
'GLYCOGEN GLUCOSE
) ,49$Utit,rot,ôn L DH
11
+f 02
24 VIptoke
4
H20
EFFECT OF HEAT ON EPIDERMAL ENZYMES 101
J. I.: The flurormetric measurement of
pyridine nucleotides. J. Biol. Chem., 224:
1047, 1957.
6. HERsHEY, F. B., LEWIS, C., MURPHY, J.
AND SCHIFF, T.: Quantitative histochemis-
try of human skin. J. Histochem. Cytochem.,
8:41, 1960.
7. FINNEY, D. J.: Probit Analysis, Cambridge,
Cambridge University Press, 1952.
8. GRISOLIA, S. AND JOYCE, B. K.: Variations in
stability of enzymes with substrates and
cofactors to physical agents. Med. Exp.,
2: 291, 1960.
9. LEACH, E. H., PETERS, R. A. AND ROSSITER,
R. J.: Experimental thermal burns, espe-
cially the moderate temperature burn.
Quart. J. Exp. Physiol., 32: 67, 1943.
10. LEWIS, C., JR., AND HERSHEY, F. B.: Effect
of heat on enzymes and isozymes of epi-
dermis. Abstract submitted, Fed. Proc.,
1964.
11. Mornn, A. II. AND HENRIQUES, F. C.: Studies
of thermal injury. II. The relative impor-
tance of time and surface temperatures in
the causation of cutaneous burns. Amer. J.
Path., 23: 695, 1947.
12. HERSHEY, F. B. AND MENDLE, B. J.: Quanti-
tative histochemistry of burned and normal
skin. Surg. Forum, 6: 745, 1954.
13. BAUMBERGER, J. P., SUNTZEFF, V. AND Cow-
DRY, E. V.: Methods for the separation of
epidermis from dermis and some physiologic
and chemical properties of isolated epider-
mis. J. Nat. Cancer Inst., 2: 413, 1942.
14. STOUGHTON, R. B. AND NOVAK, N.: Disrup-
tion of tonofibrils and intra-cellular bridges
by disulfide-splitting agents. J. Invest.
i)erm., 26: 127, 1956.
